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ABSTRACT

A bandwidth incompatibility between the transmitted
signal and the receiver of the Apollo VHF communications
system has been noted as a possible source of distortion in
receiver voice signals. This memorandum investigates the
distortion in the demodulated voice waveform introduced by
detuning the receiver IF filter from the transmitted carrier

- frequency. The transmitted signal contains the zero crossings

of the voice waveform. Any distortion introduced in the zero
crossings prior to the lowpass response of the receiver can

- result in distortion of the recovered voice. Several test

waveforms representing different intensity levels of the voice
are processed in a VHF voice system model to determine the

- effects of asymmetrical IF filtering on the lowpass receiver

response. For the test waveforms and system model considered
it is concluded that the receiver IF can be detuned as much
as 45% of the IF bandwidth before serious distortion appears
in the demodulated zero crossings.
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INTRODUCTION

Frejuent periods of distortion and low fidelity
have been expverienced with the Apollo VHF communications
system used to transmit and receive voice signals primarily
between the Apollo LM and CSM spacecraft as well as between
the Earth and the spacecraft. An incompatibility of the
transmitted signal and receiver has been cited since Apollo 7
as a possible source of the distortion. The receiver band-
widths can be as narrow as 60 to 70 KHz while the signal
spectrum can occupy 60 KHz or more. Oscillator drifts in
the transmitter and receiver along with doppler shift suggest
a minimum receiver bandwidth of 80 to 90 KHz for proper
operation. This memorandum investigates the distortion of
the demodulated voice waveform introduced by detuning the
receiver IF filter from the transmitted carrier frequency.

The VHF voice communication system used in the
Apollo Program can be modeled by the simplified form shown
in Figure 1. A sawtooth clock waveform c is indicated in
Figure 1. The minimum of ¢ is zero and the maximum is 22%.
The threshold device generates +1 if ¢ + v > ¢ and 0 other-
wise. The purpose of ¢ is to guarantee a 50% duty cycle for
the transmitter power amplifier when the voice v is zero.

For a high level voice signal with a variance 03

that is much larger than &, the effect of ¢ on the system
operation is small, and the turn-on and turn-off times of
the threshold device, and hence the power amplifier, are

approximately the +% level crossings of the voice process.

If 03 >> + ¢ the on-off times of the transmitter will also

be approximately the zero crossings of v. Then in the
high level voice signal case the operation of the system
approaches that of an infinitely clipped voice system where
the information is contained in the zero crossings. For
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the case when 03 # o but where this variance is not large com-

pared with %, the system in Figure 1 appears impossible to
analyze completely for the effect of ¢ and % on the voice
intelligibility at the receiver output.

The important question about the system is what
effect an asymmetrically tuned band-pass (BP) filter has on
the performance of the receiver. A measure of this effect

is the distortion induced in m. In the ideal case (03 /% = )

the envelope E is & pulse train containing the zero crossing
information of v. TIf 03 is not large compared to & or if the

BP filter distorts s, E gives an incorrect measure of the zeros
of v and hence distortion may be introduced in the demodulated
voice,

An analysis is given in this memorandum of the
effect of an asymmetrical BP filter on the zero crossings
of E and m. This is Dbased on assuming deterministic functions
for the threshold output J. The deterministic functions are

selected to simulate the small, medium and large 03 cases in

the system. Each deterministic signal J_. is used to define an

N
input s, = \Y I COcht for the receiver BP filter. The re-

sponses Iy, EN and my for each s, are derived as functions of

the asymmetry of the BP filter. The analysis techniques used
apply to arbitrary receiver linear BP filters, H(jw), and
linear low pass filters L(jw). However, specific results

for Ly EN’ and my, are found only for the case

[k ,wc+a§|w[_<_w + B
H{jw) = (1)
\\0 , all other w
with
(wc + a) > 01
and
L(juw) = —=—0 (2)
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If o = -g, the BP filter has the ideal symmetrical character-
istic. As o increases toward zero from the a = -8 case with
f~a constant, it can bhe expected that the distortion in Iye
EN and My increases. The main theme of this report is to
discuss this effect and to consider what it infers about
distortion of the zero crossings of J.

Additional insight into the system operation follows

from the average power spectrum of Sn° From (3-10) in Appendix III
the average power spectrum of JN is

N

N A
|Tn|2 = ;% z: E: {cos [n-m]wT -

n=1 m=1

2 cos[n-m-f(m)]wT + (3)

cos [n+f (n)-m-f (m) ] T}

where Tn = F[JN]. Then the power spectrum of Sy is

_ 1 2 2
Sg(w) = 3 [ITNI ) + Tyl ] (4)
w=wtw w=w-w
c c
where w = o + w, means o is replaced by v t w, in (3).
DISCUSSION

In general the function J is a unit pulse train
that can be described by

“+x
I o= ) fwy (-t - wy (k)] (5)

n=-«

¥
where tn__l < tn—l < tn < tn’ for every n, and u_l(t) is a unit

1
step function at t = 0. The tn and tn are the times of level
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% crossings of v + c¢. Unless v is zero, the time segquence
{tn, t;} is a random process about which very little is known.
In a finite interval there will be only a finite number of

tn and t;.

In this memorandum a number of finite-duration PDM
waveforms are assumed for J. These waveforms are representative
of experimental results for J measured over a time interval equal

to the inverse of the upper cutoff frequency fco of v. The wave-

forms are assumed as models of J for 03 << %, o% v 2 and 03 >> p

over a time interval in which v makes a nositive and a negative
zero crossing. These waveforms are described by

N
3y = Z [, (t-nT) - uw, [t-(n+f(n))T]] (6)
n=1

where NT ~ l/fco. If N and T are specified the behavior of
JN depends completely upon f(x) where 0 < f(x) < 1, as pointed
out in Apvendix II. This f(x) limits Jy to a sequence of unit

amplitude pulses of duration f(n)T where n = 1,2...,N. The
sum (6) is more restricted than the sum of terms for n = 1,2...,N
in (5), since tn = nT are known times spaced T apart. The only

variation in the N pulses of (6) comes from f(x).

If v = 0 the function J is a sequence of equally spaced
unit pulses each of duration T/2. In (6), N cycles of this
periodic function are obtained if f(x) = 1/2 for all x. 1If
f(x) = 1 for t,o<x = ty where t and ty belong to the inter-

val [T, (N+1)T] and if £(x) = 0 for all other x, the correspond-

ing JN is a single sguare pulse in the interval [T, (N+1)T].

Four cases of f(x) were considered. These are the
piecewise linear functions shown in Figure 2. In each case

0 < £(x) < 1. The functions JN and Sy corresponding to fi(x)

with 1 = 1,2,3,4 are JVi and s_.., respectively. The J

Ni and

Ni
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Sy are representative of JN and Sy in an interval [T, (N+1)T]
with NT ~ l/fco, where 03/2 increases from less than unity

(Case I) to 03/2 = » (Case 1IV).

From (1-8) in Appendix I the resvonse of the BP filter

(1) to sy = v JN cos wct is
jwct -1
ry = vV R e F [H (Jw) - F(J )] (7)
L (=] N
2
1
where
HQl(jw) = H(jw+jwc)_ql (w+wc) (8)

is the lowpass equivalent filter for H(jw), F—l denotes the
inverse Fourier transform, and Re means the real part.

For the JN function (6), (7) follows in (2-10) of

Appendix II. From (2-10) the envelope EN in Figure 1 is

Ly N 2 N 2]1/2
EN = 3 Z X + Z Yo (9)

n=1 n=1

The Xn and Yr are combinations of the tabulated functions
1

Si(yn) and Ci(yn) where Y, depends upon fi(x), a, B, n, T
and t.

The response of L(jw) in (2) is the convolution

o

my = j z(t—x)EN(x)dx

-0

’ (10)
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-1 .
where ¢(t) = F "[L(juw)]. For the cases of f(x) in Figure 2, the
rasponses ENi in (9) are very complicated. To obtain Myi in

(10) the Fast Fourier Tranform (FFT) comouter algorithm was
used to pmerform the convolution.

RESULTS

The functions JM’ EN and my are computed for t in

the interval ([T, (N+1)T] using equations (6), (9) and (10),
resnectively. Also, the power spectrum in (3) is computed

in the fregquency interval where |T,\I|2 is of significance. A
A

collection of graphs of (3), (6), (9) and (10) are given for
each fi(x), i =1,2,3 and 4, where the amount of asymmetry in

the receiver BP filter is varied discretely. The results are
obtained for the numerical values:

(1) B-a = 75 KHz.
(ii) a = Discrete values between --37.5 Kz and 0.
(iii) N = 30.
(iv) T = 0.333 x 10‘4 seconds.
(v) In (2), a = 187 x 10> and C = 1.
(vi) In (9) kv 1 to normalize E
T 27 N°

For these values the sawtooth clock has a frequency of 30 KHz
and the voice fco v lO3 Kz. The graphs are divided into the

cases I through IV for f(x) in Figure 2. In each case values
of a are selected in the range (ii). Figures 3 through 6 are
the graphs of JN for f£(x) in cases I through IV, respectively.

Figures 7 through 18 are the graphs of the power spectra of
JN for the four cases of f(x). For clarity three spectra are

given in each case; the complete spectra, the low frequency
portion, and the high frequency portion. The intermediate

and lowpass frequency functions EN and M. for -a = 37.5,

25.5, 13.5, 6, 4, 2, 1 and 0 KHz are shown in Figures (19)
through (34).
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CONCLUSIONS

In eaca of the four cases the lownass filter resvonse

m g retains the same general saape for o hetween -37.5 Klz
L

and -4 KEz. Tae envelope EN and the high freguency content

of mN(t) vary considerably with cnanges in a between -37.5

K:iz and 0. The desired voice information is contained in the
zero crossings wiailcih are transmitted with varying degrees of
error by the pulse edges of E and m. The positions and slopes
of the edges of m, are part of the low frejuency information in

Mg tinat does not vary as a cnanges in tine interval -37.5 Kliz to

-4 KHz. Trom these results it is concluded that detuning the IF
filter of tae receiver has little effect on the zero crossing
estimates of the voice carried in m if the filter passes the
oart of the signal spectrum around +4 KHz of the carrier. hen
the raceiver IF may be detuned by as much as 45% of the IF band-
width before the zero crossing information contained in m is
distorted apvreciably.

‘Z,L_\ ID.{Z/()LX'{AM
2034-yDW-ulg W. D. Wynn

Attachments
Figures 1-35
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BELLCOMM, INC.

APPENDIX I

RESPONSE OF A NARROYW BANDPASS FILTER
IN TERMS OF THE LOWPASS EQUIVALENT FILTER

The inwut to the AM receiver is

n
I

Vv J cos wct (1-1)

rt

where J j g(x)dx is assumed to be narrowband

limited around the origin on the frequency axis with respect
to the fregquency W That is, s is a narrowband signal. The

response of the BP filter through which s passes is defined
by r. 1In order to derive the response of the AM receiver the
function r must be known. The expression for r in terms of s
and an asymmetrical BP filter is derived in this Appendix.

Consider a BP filter that may be unsymmetrical about

o with the transfer function H(jw). From H(jw) two transfer
functions are derived, Hl(jw) = H(jw)gl(w) and Hz(jw) = H(jw)gl(—w).
These are related by H(jw) = Hl(jm) + H2(jw). Since H{(jw) 1is
narrowband around W two lowpass transfer functions can be
found by shifting Hl and H2 by Cp These are Hkl = Hl(w+wc)
and H = H, {(w—-w_). Taking the sum and difference of H
22 2 c 21
and H two lowpass filters are defined by:
2’
Hzl(Jw) + sz(]w)
Hp(Jw) = 5 (1-2)
ol . .
an H (Gw) - H (Gu)
2 1
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These filters have the properties

* 0
Hp("jw) = Hp(jw)
and
H (=jw) = H. (ju)
g 3 q'’
P |
Then if n = F *[Hp(jw)] (1-3)
and
..l .
} = F “[H
1q [ q(Jm)]

these time functions are real and vary slowly with respect
to coswct.

The impulse response of the BP filter H(jw) is the
real time function h related to hD and hq by

h = 2h_ cosw .t + 2 h sinw t (1-4)
P c q c

The response of the BP filter to the input s is r = s*h where
(*) denotes convolution. The response to s is

hp(t“T) cos (wct"wcT)VJ(T) COchTdT

hq(t“T) sin (mct“wcT)VJ(T) COSwCTdT

jﬁ+w
oo
4+

v Jr hp(t“T)J(T)dT . c05mct
jr+m

te

hq(t*T)J(T)dT . sinmct

(1-5)
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The approximation is obtained by discarding two integrals in
the r expression that have integrands with the factors
cos(wct - 2wcT) and sin(wct - 2w _T1). These integrals are

approximately zero if h_, h_ and J are lowpass and narrowband

limited with respect to W Since

. - &

Jw t
Re[e (ho" 3 hq)‘= hD . COSth + hrI . 51nmct (1-6)

(1-5) becomes

jwct e
r =V Re o [hp(t-r) - 3 hq(t“T)] - J(1)dr (1-7)

From (1-2), Hy (jw) is the Fourier Transform of h - j h
1
Then (1-7) is
jmct -1
r =V R F "[H, (jw) - F(J)] (1-8)
e |e 21

The response of HQ to J is easier to obtain than
1
the response of H(jw) to s. Hence (1-8) is a very useful result
for a narrow BP filter excited by a signal that is narrowband
limited in the passband of the filter.
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THE BANDPASS FILTER RESPONST
WHEN S IS A PDM-AM WAVEFORM

The signal s is a PDM-AM waveform if g in the s
equation (1-1) is the impulse sequence

4
ey = Y Asre-nm - srt-(nrf()m]| (2-1)
n=-omo
~t
The function j g(x)dx is a non-overlapping sequence of square

waves if f(x) is limited to 0 < f(x) < 1. This restriction will
be placed on all functions f(x) considered. When n is limited
to the finite set of integers ne{1l,2,...,N}, s in (1-1) becomes
a PDM~-AM waveform with finite duration. For the finite set of
n, the integral J in (1l-1) is

N

3 = Z [9; (&=nm) - u, [t (n+£(n)) 7] (2--2)
n=1

where gl(t) is the unit steo function at t=0. The response
My of the AM receiver is of interest when the bandpass filter
is narrowband around Wy and the receiver input is Sy = \Y JN COcht.

To find My the intermediate function r,, at the BP filter output

N
must be found. This response can be derived in terms of the low-
pass equivalent of the BP filter and the lowpass function JN.
From (1-8)
(2-3)

“ j“’ct -1 . }
rgy = VR e » F “[H, (jw) - F(JN)] =

N 1

N .
Ju t . .
c -1 . sin(wTf(n)/2) .| _juln+f(n)/2]T
v Z Tf(n) Re{e « F [Hgl(Jw) oTE(n) /2 e ]}
n=1
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At this point some form must be assumed for the BP fil-
ter characteristic H(jw) if numerical results are desired from
(2-3). Suppose the filter is described by the ideal characteristic:

k ' wc+a:|wl iwc+f§ , o < B
H(jw) = (2-4)
J , all other w

This filter is unsymmetrical around © and is narrowband if
(B-a) << w_. As defined in Appendix I,

~

Hgl(jm) = Hl(]w+3wc) = H(jw+jwc)gl(w+wc) .

Then from (2-4)

k ’ a < w < B
1
0 , all other u
To find (2-3) the inverse transform of H Slgaw;/z
is found. This is 1
r iy . sin wa/2| _
21 wa/2
B 3
k sin wa/2 cosut dw +
27 wa/2
a
B8
J 21{—[ s.ﬂ—;%l—z- sinwt dw
m wa
o
. B(g— + t) . B(%-‘ t) .
= ﬂ% f =2 gy +f 2L ay
a(z3 + t) @ (3 -t

a

a
B(:—Z-'*' t)

8(2 t)
+j[ S‘%ldy_j[ coi dy
a a
a(y - t) a(-z— + t) (2-6)
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But
B 5+ 8)
S0 ¥ gy =s;(3(53+ )] -5, [a(F+ )] (2-7)
(2 + ¢) Y
o 2_
and
re(% + t)
J 99%—1 ay = ¢;{le(5 + a1l
a
alz + € . (2-8)
where
Z
_ sin N
S, (2z) f v dy
0
and

c,(lz]) = - 22 ay = - 2 dy . (2-9)

|z ] z

The integrals Si and C., are well known tabulated functions of

. sin wa/2 . .
z. The inverse of HR1 w3/ is found in terms of Si and Ci

functions by substituting (2-7) and (2-8) into (2-6). The only

. -1 , sin wa/2 -1 ., sin wa/2 | —jmx]
difference between F [H21 ——3377——] and F [Hgl v i

is a time shift of x seconds. Then the response of H2 (jw) to the
1

sequence J in (2-3) follows by inspection from (2-6). Intro-

ducing (2-6) into (2--3),
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where

and

n=1
N N
kv _ }Z
—;[}OSw‘t }: Xn Sinw_t Yn]
n=l n:l

Xn = Si[B(t - nT)]

- Si[a(t - nT) ]

+ Si[B(f(n)T - t + nT)]

- Si[a(f(n)T - t + nT)]

- e | V2V -2 SRR
Y = - . WAL \14;
n llI

T -+ + nm) 1

+

C,[[8(£(m) T - t + nT)[]

+ Ci[la(t - nT) |]

c;[18(t = nT)|]

The phase of r,, is V¥ = tan_l(ZZYn/Z:Xn) .

N

(2-10)
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kv

.2—17 e = EN-
that the envelope detector produces for lowpass filtering in the
AM receiver. For the case of symmetrical bandpass filtering
where o = -g, all Y terms are zero and e =Z:Xn. If, in addition,

f(n) =1 for n=1,2...,N; than e = 2 Si[e(t-T)] - 2 Si[e(t"[N+1]T)].

This is the well known square wave response of an ideal symmetrical
loypass filter of bandwidth 28 where the input pulse width is NT.

The envelove of r, is It is this function
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APPENDIX IIX

THE AVERAGE POWER SPECTRUM OF SN(t)

The power spectrum of S is e=asily found if n in
(2-1) is limited to the finite set ne{1l,...,N}. Then s

becomes Sy = v JN cosmct where JN is the intearal of the

finite sequence of impulses
N
gy = ) ([t - nT] - 8[t = (n + £(n))T]} (3-1)
n=1

The transform of (3-1) is

N

Gy (Gu) = Z {exp[-junT] - expl-ju(n + £(n))T]}  (3-2)
n=1

where

f §{t = T(n + £(n))] expl[-jut] dt =

exp[-juT(n + £(n))] (3-3)

has been used. The power spectrum of the finite duration Iy

IGNI2 = GN-GE. Then
N N
|GN|2 = 2: 2: {exp[-juT(n-m)] - exp[-juT[(n + £(n)) -~ m]]
n=1 m=1

- exp[-juwT[n-(m + £(m))]]

+ exp[-jwT[(n + £f(n)) - (m + £(m))]]}
(3-4)
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For the first exponential in (3-4)

Z Z%— exp[juT(m-n) ) = ZZ%— exp[jwT(n-m) ]

Then

Z Zexp [-jwT(n-m)] = Z Zcos (n-m) wT

Likewise it is found that,

ZZexp[—ij[(n + £(n)) - (m+ £(m)]] =

ZZcos[(n + f(n)) - (m+ £(m))]uwT

Also in (3-4),

(3-5)

(3-6)

(3-7)

ZZ{exp[ij[m - (n+ £(n))]] + exp[-juT[n - (m + £(m)]]}

= ZZZ cos[n - (m + £(m))]wT

Combining the last three equations in (3-4) gives

N N
|GN|2 = E: 2: {cos[n-m]wT +

n=1 m=1
cos[n + f(n) - m - £(m)JwT

~ 2 cos[n -m- f(m)]wT}

Since the AM in s is the integral of g, the power

spectrum of the AM for the finite case g = G,y 1S

(3-8)

(3-9)

IGNIZ/wZ. This follows from the transform of ‘[. I dx which
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. . v ~1 . : -
is (jw) F[gN]. With JN gN(x)dx and TN(]w) = F[JN],

the AM power spectrum is

N N

o
= ~% {cos[n-m]wT -
=1 m=1 °

2
| Ty

fo

2 cos[n - m - f(m)]uT

+ cos[n + f(n) - m - f(m)]uT}

(3-10)
The power spectrum of s is simply
_ 1 2 2 _
S w) = 35 [ITN|w+w+wc + |TN|m+w-mc] . (3-11)

As an example of the result (3-10), let N = 1 and
£(1) = 1. Then Iy and JN are shown in Figure 35.

With N =1, £(1) =1,

sin wT/2

TN(JU)) = exp['-j 3(DT/2] e T ——_u)—'i‘7—2—

and

|T |2 _ T sin mT/2 2
N - wT/2

For this simple example,

’T sin(w+mc)T/212

(w+wc)T/2

Ss(w) =

N =

r .
T sin(w—wc)T/2

(m-mc)T/Z

+
N| =

L
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The spectrum of sN follows from (3-10) and (3-11]) when N

and f(x) are given. Since the summations involved are usually
difficult, a computer program was written to find ITN|2.
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